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major incompletely understood issue in the neurobiology of
migraine concerns the nature and mechanisms of the primary
brain dysfunction that causes migraine. Neuroimaging findings
indicate that migraine aura is due to cortical spreading depres-
sion (CSD), a wave of strong neuronal depolarization that slowly
progresses across the cerebral cortex, generating a transient
intense spike activity followed by long-lasting neural suppres-
sion (Bowyer et al., 2001; Hadjikhani et al., 2001; Lauritzen,
1994). Recent animal studies support the idea that CSD may
also trigger the mechanisms for migraine headache. In the rat
cortex, a single CSD can activate the trigeminovascular system
(Bolay et al., 2002), and established migraine prophylactic
agents from five different pharmacological classes elevate the
stimulation threshold for CSD initiation (Ayata et al., 2006).
Furthermore, knockin (KI) mice carrying a human mutation
causing familial hemiplegic migraine type 1 (FHM1) show
a decreased threshold for CSD initiation and an increased
velocity of CSD propagation (van denMaagdenberg et al., 2004).
FHM1 is a rare autosomal dominant subtype of migraine with
aura, which is caused by missense mutations in the CACNA1A
gene encoding the pore-forming subunit of voltage-gated
CaV2.1 (P/Q-type) Ca
2+ channels (Ophoff et al., 1996). CaV2.1
channels are located in somatodendritic membranes and
presynaptic terminals throughout the brain (Westenbroek et al.,
1995), where they play a dominant role in controlling neurotrans-
mitter release (Pietrobon, 2005a). Apart from the hemiparesis
during aura, the headache, autonomic, and aura symptoms of
typical attacks of FHM1 are similar to those of the common forms
of migraine with aura, and most FHM1 patients also have normal
migraine attacks (Thomsen et al., 2002, 2003). Investigation of
the cortical mechanisms that produce facilitation of CSD in the
FHM1 KI mouse models may thus provide unique insights into
the unknown mechanisms that lead to CSD susceptibility and
initiate migraine attacks in patients.
Most studies of the functional consequences of FHM1 muta-
tions support the conclusion that they produce gain of function
of CaV2.1 channels (Pietrobon, 2005a, 2007). In particular, the
analysis of the single-channel properties of human CaV2.1 chan-
nels carrying eight different mutations revealed a consistentSUMMARY
Migraine is a common disabling brain disorder. A
subtype of migraine with aura (familial hemiplegic
migraine type 1: FHM1) is caused by mutations in
CaV2.1 (P/Q-type) Ca
2+ channels. Knockin mice
carrying a FHM1 mutation show increased neuronal
P/Q-type current and facilitation of induction and
propagation of cortical spreading depression
(CSD), the phenomenon that underlies migraine
aura and may activate migraine headache mecha-
nisms. We studied cortical neurotransmission in
neuronal microcultures and brain slices of FHM1
mice. We show gain of function of excitatory neuro-
transmission due to increased action-potential-
evoked Ca2+ influx and increased probability of
glutamate release at pyramidal cell synapses but
unaltered inhibitory neurotransmission at fast-
spiking interneuron synapses. Using an in vitro
model of CSD, we show a causative link between
enhanced glutamate release and CSD facilitation.
The synapse-specific effect of FHM1 mutations
points to disruption of excitation-inhibition balance
and neuronal hyperactivity as the basis for episodic
vulnerability to CSD ignition in migraine.
INTRODUCTION
Migraine is a common episodic brain disorder affecting more
than 10% of the population; it is typically characterized by recur-
rent attacks of disabling headaches and associated autonomic
symptoms. In one-third of patients, the headache is preceded
by transient neurological symptoms (migraine with aura).
Migraine arises from a primary brain dysfunction that leads to
activation and sensitization of the trigeminovascular system,
including trigeminal nociceptive afferents innervating the
meninges, and as a consequence to headache (Goadsby et al.,
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Cortical Synaptic Transmission and CSD in FHM1increase in channel open probability and single-channel Ca2+
influx in a broad voltage range, mainly due to a shift to lower
voltages of channel activation (Tottene et al., 2002, 2005). A
similar increase in P/Q-type Ca2+ current density was measured
in cerebellar neurons of FHM1 KI mice (Pietrobon, 2007; van den
Maagdenberg et al., 2004). At the neuromuscular junction of
these mice, evoked synaptic transmission was unaltered at
physiological Ca2+ ion concentrations but increased at 0.2 mM
Ca2+ (Kaja et al., 2005; van den Maagdenberg et al., 2004). So
far, cortical synaptic transmission in FHM1 KI mice has not
been studied.
Here, we investigated cortical excitatory neurotransmission in
KI mice carrying the human R192Q FHM1 mutation (van den
Maagdenberg et al., 2004) bymeasuring evoked excitatory post-
Figure 1. The P/Q-Type Ca2+ Current Density Is Increased in Acutely
Dissociated Cortical Pyramidal Cells of R192Q KI Mice
(A) Peak whole-cell Ba2+ current versus time recorded from a KI cortical
pyramidal cell during depolarizations at 10 mV every 10 s from 70 mV,
before and after application of the indicated drugs. Inset: P/Q current trace
obtained as the difference between traces at times a and b; on the right: repre-
sentative traces at increasing voltage from 50 to 0 mV, taken during current-
voltage (I-V) measurement at times a and b. Scale bars: 10 ms, 200 pA.
(B) Average normalized P/Q-type current as a function of voltage in dissociated
cortical pyramidal cells (PC, C, n = 10) and in cerebellar granule cells
in primary culture (GC, >, n = 9) from WT mice. Lines are fits of equation:
I = G(V – Erev){1+exp[(V1/2 – V)/k]}
1.
(C) P/Q-type current density as a function of voltage in WT and KI cortical
pyramidal cells. Average normalized I-V curves (WT, n = 10; KI, n = 9) were
multiplied by the average maximal current density (n = 14 for both WT and
KI). Fitting the I-V curves gave V1/2 = 8 ± 1 mV for WT (n = 10) and V1/2 =
16 ± 1 mV for KI (n = 9). Inset: pooled WT (black) and KI (gray) P/Q current
traces at 30, 20, and 10 mV. Scale bars: 10 ms, 10 pA/pF.
Error bars: SEM.synaptic currents in microcultures of cortical pyramidal cells and
evoked excitatory postsynaptic potentials in connected pairs of
pyramidal cells and fast-spiking interneurons in acute cortical sli-
ces. Our data show increased strength of cortical excitatory
synaptic transmission due to increased action-potential-evoked
Ca2+ influx through presynaptic CaV2.1 channels and increased
probability of glutamate release in FHM1 KI mice. In striking
contrast with excitatory neurotransmission, inhibitory neuro-
transmission at connected pairs of fast-spiking interneurons
and pyramidal cells was unaltered in FHM1 mice, despite being
also initiated by CaV2.1 channels. By using an in vitro model of
CSD, we provide direct evidence that the gain of function of
glutamate release at pyramidal cell synapses may explain the
facilitation of experimental CSD in FHM1 KI mice.
RESULTS
We first measured whole-cell P/Q-type Ca2+ current density as
a function of voltage in cortical pyramidal cells freshly dissoci-
ated from P13–15 wild-type (WT) and FHM1 KI mice carrying
the R192Q mutation. The P/Q-type current component was
obtained as the amount of whole-cell current inhibited by
u-CTxMVIIC (MVIIC, 3 mM) applied after the specific N-type
channel blocker u-CgTxGVIA (GVIA, 1 mM), in the presence of
nimodipine (5 mM) to inhibit L-type channels (Figure 1A). Previous
investigation of neuronal CaV2.1 channels in R192Q KI mice was
performed in cerebellar granule cells, where they were found to
activate at about 9 mV more negative voltages than the corre-
sponding WT channels (van den Maagdenberg et al., 2004).
The CaV2.1 channels expressed in cortical pyramidal cells are
functionally different from those in cerebellar granule cells, as
shown by the different P/Q-type current-voltage (I-V) relation-
ships recorded under identical conditions in the two types
of neurons from WT mice (Figure 1B). Fitting of the normalized
I-V relationships gave half voltage of activation values (V1/2)
of 8 ± 1 (n = 10) and of 15 ± 2 mV (n = 9) for CaV2.1 channels
in cortical and cerebellar neurons, respectively. While themolec-
ular mechanism(s) underlying the different activation properties
of cortical and cerebellar CaV2.1 channels remains unknown,
possible mechanisms include the expression of different splicing
variants of the CaV2.1a1 subunit and/or the expression of
different auxiliary subunits and/or other modulatory proteins.
Nonetheless, the gain-of-function effect of the FHM1 mutation
was similar for the functionally different cortical and cerebellar
CaV2.1 channels, as shown by the (8 mV) shift to lower voltages
of channel activation and the increase in P/Q current density in
a wide voltage range in cortical pyramidal cells of KI compared
to WT mice (Figure 1C). At higher voltages, eliciting maximal
CaV2.1 channel open probability (Hans et al., 1999), P/Q current
densities were similar in KI and WT cortical pyramidal cells,
indicating similar densities of functional CaV2.1 channels (van
den Maagdenberg et al., 2004). Also similar were the maximal
N- and R-type Ca2+ current densities (N-type: 13 ± 2 pA/pF,
n = 19, versus 17 ± 2 pA/pF, n = 16; R-type: 17 ± 2 pA/pF,
n = 13, versus 20 ± 5 pA/pF, n = 14, in WT versus KI), thus
confirming the absence of compensatory changes in the other
Ca2+ channels previously shown in cerebellar neurons (van den
Maagdenberg et al., 2004).Neuron 61, 762–773, March 12, 2009 ª2009 Elsevier Inc. 763
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Cortical Synaptic Transmission and CSD in FHM1Figure 2. Multiple Types of Ca2+ Channels,
Including P/Q-Type, Contribute to Excit-
atory Synaptic Transmission at Cortical
Pyramidal Cells in Microculture from WT
Mice
(A) Evoked EPSCs amplitudes versus time in three
different WT cortical pyramidal cells in microcul-
ture before (a) and during (b and c) application of
u-AgaIVA, u-CgTxGVIA, and SNX482, respec-
tively. Insets: EPSC traces taken at times a, b,
and c. Scale bars: 10 ms, 0.5 nA.
(B) Contribution of P/Q-, N-, and R-type Ca2+
channels to neurotransmission (at 8–14 DIV)
evaluated from the fraction of the EPSC inhibited
by Aga 200 nM (n = 18), GVIA 1 mM (n = 20), and
SNX 200 nM (n = 19) in protocols like those in (A).
(C) EPSCs versus time evoked in a WT cortical
pyramidal cell during sequential application of
SNX 200 nM, Aga 200 nM, and GVIA 1 mM as
indicated. Inset: EPSC traces taken at times a, b,
c, and d. Scale bars: 10 ms, 0.5 nA.
Error bars: SEM.To establish whether FHM1mutations lead to increased action
potential (AP)-evoked Ca2+ influx through presynaptic CaV2.1
channels and to increased glutamate release at cortical pyra-
midal cell synapses, we investigated excitatory neurotransmis-
sion in microcultures of cortical neurons from neonatal WT and
R192Q KI mice. Single cortical neurons grown on glial microis-
lands form synaptic connections onto themselves (autapses)
with properties very similar to those of synapses between
neurons (Bekkers and Stevens, 1991). In single cortical pyra-
midal cells in culture for 8–14 days (DIV), large excitatory post-
synaptic currents (EPSCs) were evoked by brief depolarizing
voltage steps eliciting an AP in the unclamped axonal processes
(Figure 2A). As in other glutamatergic synapses, multiple types of
Ca2+ channels contribute to synaptic transmission at cortical
pyramidal cell autapses from WT mice (Figures 2A and 2B).
The contribution of P/Q-, N-, and R-type Ca2+ channels was
evaluated from the fraction of the EPSC inhibited by saturating
concentrations of the specific inhibitors u-AgaIVA (Aga,
200 nM: 54% ± 3%, n = 18), GVIA (1 mM: 33% ± 3%, n = 20),
and SNX482 (SNX, 200 nM: 36% ± 4%, n = 19). Nimodipine
(5 mM) was without effect (n = 5, data not shown). Since some
native R-type Ca2+ channels are not inhibited by even higher
concentrations of SNX (Sochivko et al., 2003; Tottene et al.,
2000), the contribution of R-type channels may be underesti-
mated by our protocol. Indeed, the three toxins together did
not completely block synaptic transmission (residual EPSC:
14% ± 3%, n = 9) (Figure 2C), and the addition of u-CTxMVIIC
(3 mM) after the three toxins did not further inhibit the residual
EPSC (n = 5, data not shown). Considering the nonlinear power
relationship between presynaptic Ca2+ influx and neurotrans-
mitter release (Schneggenburger and Neher, 2000), the superad-
ditivity of the fractional EPSC inhibition by the specific blockers764 Neuron 61, 762–773, March 12, 2009 ª2009 Elsevier Inc.(Figure 2B: sum = 123% ± 6%) indicates that P/Q-, N-, and
R-type Ca2+ channels cooperate (with overlapping local Ca2+
domains) in controlling release at individual synapses of cortical
pyramidal cells in microculture.
If the FHM1mutation leads to increasedAP-evokedCa2+ influx
through CaV2.1 channels located at the active zones, the proba-
bility of vesicle release at KI synapses should be larger than that
at WT synapses; one then predicts a larger AP-evoked EPSC
amplitude in single cortical pyramidal neurons from KI mice
accompanied by a larger contribution of P/Q-type Ca2+ channels
to synaptic transmission. Indeed, the average EPSC amplitude
was 1.7 times larger in KI than in WT mice (Figure 3A: 4.3 ±
0.3 nA [n = 111] in KI versus 2.6 ± 0.3 nA in WT [n = 114]), and
a larger fraction of the EPSC was inhibited by Aga in KI neurons
(Figure 3B: 78% ± 3%, n = 18), revealing a larger contribution of
P/Q-type Ca2+ channels to neurotransmission. Accordingly, in
additional experiments, a lower fraction of the EPSC was
inhibited by GVIA in KI neurons (Figure 3B: 20% ± 2%, n = 22).
These findings are consistent with and support the conclusion
that theFHM1mutation leads to increasedAP-evokedCa2+ influx
through presynaptic CaV2.1 channels and, as a consequence, to
increased probability of release at individual synapses on cortical
pyramidal cells.
The analysis of the absolute (rather than fractional) sizes of the
components of the EPSC inhibited by either Aga (Figure 3C) or
GVIA (Figure 3D) indicates that the increased probability of
release completely accounts for the increased EPSC amplitude
in KI mice. In fact, both the amplitudes of the Aga-sensitive
component (a measure of the amount of glutamate release
controlled by P/Q-type channels: Figure 3C) and of the GVIA-
insensitive component (a measure of the amount of release
controlled by P/Q- and R-type channels: Figure 3D) were more
Neuron
Cortical Synaptic Transmission and CSD in FHM1Figure 3. Increased EPSC Amplitude and
Increased Contribution of P/Q-Type Ca2+
Channels to Excitatory Neurotransmission
in Cortical Pyramidal Cell Autapses of
R192Q KI Mice
(A) Cumulative distribution and average value
(right inset) of evoked EPSC amplitudes from WT
(n = 114) and KI (n = 111) pyramidal cells. Left
inset: EPSC traces from a representative WT and
KI neuron. Scale bars: 10 ms, 1 nA. The relative
number of neurons recorded from WT and KI
mice at different DIV were closely matched,
because EPSCs amplitude continued to increase
from 8 to 14 DIV in both control and KI neurons
(Takada et al., 2005): WT n = 27, 43, and 44
and KI n = 29, 37, and 45 at DIV 8–9, 10–11, and
12–14, respectively.
(B) Contribution of P/Q- and N-type Ca2+ channels
to neurotransmission evaluated from the fraction
of the EPSC inhibited by Aga 200 nM and GVIA
1 mM in KI neurons (n = 18 and 22) compared to
WT (n = 18 and 20) in protocols like those in
Figure 2A. The relative number of neurons
recorded from WT and KI mice at different DIV
were closely matched.
(C) Average values of the amplitudes of the EPSC
(total) and its Aga-sensitive (P/Q) and Aga-
insensitive (N + R) components (same neurons as in [B]). The P/Q and N + R components for each cell were obtained as shown in the representative traces
on the left, as difference of EPSC amplitude before and after Aga (P/Q) and as EPSC amplitude remaining after Aga (N + R). Scale bars: 10 ms, 1 nA.
(D) Average values of the amplitudes of the EPSC (total) and its GVIA-sensitive (N) and GVIA-insensitive (P/Q + R) components (same neurons as in [B]). The N and
P/Q + R components for each cell were obtained as shown in the representative traces on the left. Scale bars: 10 ms, 1 nA.
Error bars: SEM.curves in KI and WT synapses is also consistent with a relative
homogeneous distribution of P/Q channels at individual cortical
autapses (Reid et al., 1998): a nonuniform distribution would lead
to a broadened dose-response curve because only synapses
containing P/Q channels would have a lower EC50 in KI mice.
Further supporting the conclusion that the FHM1 mutation
leads to an increased probability of vesicle release at individual
cortical synapses are also the changes in short-term synaptic
plasticity revealed in KI mice (Figure 4B). On average, WT
synapses showed depression during trains of five action poten-
tials at 50 Hz (paired-pulse ratio, PPR = 0.87 ± 0.03, n = 22, in the
presence of GVIA). Short-term depression (STD) was larger in KI
synapses (PPR = 0.72 ± 0.04, n = 21, p < 0.01), as expected for
an increased probability of vesicle release in KI mice if at least
part of the depression is due to vesicle depletion (and/or is
anyway due to a presynaptic Ca2+-dependent mechanism).
Indeed, a similar relative increase in STD at these synapses
was found when the probability of release was increased by
raising the external Ca2+ concentration from 2 to 4 mM (from
PPR = 0.82 ± 0.06 to 0.67 ± 0.07, n = 8, p < 0.001).
To investigate whether homeostatic compensatory mecha-
nisms were present as an attempt to compensate for the
increased glutamate release in KI mice (Turrigiano and Nelson,
2004), we measured miniature EPSCs (mEPSCs) from pyramidal
cells in microculture and also from pyramidal cells in layer 2/3 of
the somatosensory cortex in acute brain slices. In both prepara-
tions, amplitude and frequency of mEPSCswere similar in KI and
WT mice (in microculture, Figure 5A: 23 ± 3 pA, 4.1 ± 0.8 Hz,
n = 11 in WT and 22 ± 2 pA, 4.2 ± 0.8 Hz, n = 11 in KI; in slices,than two times larger in KI than in WT mice, and the difference
in size of these components between the two genotypes (P/Q:
1.9 ± 0.5 nA and P/Q + R: 2.2 ± 0.7 nA) was similar to the
difference in size of the corresponding total EPSC amplitude
(1.7 ± 0.8 nA and 2.5 ± 0.9 nA in Figures 3C and 3D, respectively).
On the other hand, both the amplitudes of the Aga-insensitive
component (a measure of the amount of glutamate release
controlled by N- and R-type channels: Figure 3C) and of the
GVIA-sensitive component (a measure of the amount of release
controlled by N-type channels: Figure 3D) were similar in KI and
WT mice. These findings are inconsistent with significant
changes in the number of synapses (and/or size of the readily
releasable pool of vesicles [RRP] at each synapse) in KI neurons,
because changes in the number of synapses or in RRP would
equally affect the toxin-sensitive and toxin-insensitive compo-
nents of the EPSC. The unaltered amount of glutamate release
controlled by N- and R-type Ca2+ channels in KI mice is also
consistent with the absence of compensatory changes in the
N- and R-type Ca2+ currents measured at the soma of dissoci-
ated cortical pyramidal cells and suggests their absence also
at the active zones.
Further supporting the conclusion of an increased AP-evoked
Ca2+ influx through presynaptic mutant CaV2.1 channels is the
finding that in KI mice the Ca2+ dependence of the EPSC was
shifted to the left with unaltered cooperativity coefficient
(Figure 4A); the EPSC amplitude increased only 10% when
the concentration of extracellular Ca2+ ions was raised above
2 mM in contrast with the more than 60% increase in WT mice.
Note that the similar steepness of the Ca2+ dose-responseNeuron 61, 762–773, March 12, 2009 ª2009 Elsevier Inc. 765
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Cortical Synaptic Transmission and CSD in FHM1Figure 5B: 6.7 ± 0.3 pA, 6.9 ± 0.8 Hz, n = 11 in WT and 6.8 ±
0.4 pA, 6.4 ± 0.6 Hz, n = 10 in KI). Thus, there is no evidence
for either postsynaptic or presynaptic homeostatic compensa-
tory mechanisms at excitatory synapses onto pyramidal cells
in KI mice. Moreover, the similar frequency of mEPSCs is consis-
tent with and supports the absence of significant changes in
either RRP or number of synapses in KI mice and also shows
that mutant R192Q CaV2.1 channels do not open at voltages
(70, 80 mV) close to the resting potential of pyramidal cells.
To test the hypothesis that the gain of function of glutamate
release at pyramidal cell synapses may explain the facilitation
of induction and propagation of experimental CSD in R192Q KI
Figure 4. TheCa2+ Dependence of the EPSC Is Shifted to Lower Ca2+
Concentrations and Short-Term Depression Is Enhanced at Cortical
Pyramidal Cell Autapses of R192Q KI Mice
(A) Left: evoked EPSC amplitude as a function of extracellular [Ca2+] in cortical
pyramidal cells in microculture fromWT (n = 7) and KI (n = 7) mice. In each cell,
the EPSC amplitude was normalized to the maximal value. The data points
were fitted according to the Hill equation: EPSC = [Ca2+]n/{(EC50)
n +
[Ca2+]n)}, with EC50 = 1.61 ± 0.05 mM and n = 2.21 ± 0.14 for WT and
EC50 = 0.94 ± 0.02 mM and n = 2.37 ± 0.12 for KI. Right: EPSC traces recorded
at the indicated [Ca2+] (in mM) from a WT and a KI neuron. Scale bars: 10 ms,
1 nA for WT; 10 ms, 0.25 nA for KI.
(B) Left: EPSC amplitudes evoked during successive depolarizing stimuli at
50 Hz (as shown on the right) normalized to the response to the first stimulus
in the train, recorded after application of u-CgTxGVIA 1 mM, in WT (n = 22) and
KI (n = 21) pyramidal cells in microculture at DIV 11–14. Right: EPSC traces
evoked by a 50 Hz train of stimuli in a WT and a KI neuron. Scale bars:
10 ms, 1 nA.
Error bars: SEM.766 Neuron 61, 762–773, March 12, 2009 ª2009 Elsevier Inc.mice (van den Maagdenberg et al., 2004), we measured the
threshold for CSD induction and the velocity of CSD propaga-
tion in acute slices of somatosensory cortex of R192Q KI mice
before and after application of a concentration of Aga (40 nM)
that reduced glutamate release at KI pyramidal cell synapses
to the valuemeasured atWT synapses (EPSC(KI+Aga 40)/EPSCKI =
0.57 ± 0.05 in Figure 6A versus EPSCWT/EPSCKI = 0.59 ± 0.07 in
Figure 3A). Pressure pulses of increasing duration were applied
to a 3 M KCl-containing pipette positioned on layer 2/3 until a
CSDwas observed (as revealed by both the associated changes
in light transmittance and the typical depolarization to almost
0 mV recorded in a pyramidal cell located 600 mm apart from
the pressure-ejection pipette tip: Figure 6B). The duration of the
first pulse eliciting a CSD was taken as CSD threshold, and the
rate of horizontal spread of the change in intrinsic optical signal
as velocity of CSD propagation. In slices from KI mice, the CSD
threshold was lower than in WT slices (155 ± 7, n = 22 versus
228 ± 7 ms, n = 22, Figure 6C) and the velocity of CSD propaga-
tion was higher (3.2 ± 0.1, n = 21 versus 2.4 ± 0.1 mm/min, n =
17, Figure 6D), thus confirming in vitro the facilitation of induction
and propagation of experimental CSD previously shown in KI
mice in vivo. After perfusion of slices from KI mice with 40 nM
Aga, the CSD threshold increased and the CSD velocity
decreased to values strikingly similar to those measured in WT
slices (from 148 ± 9 ms and 3.2 ± 0.2 mm/min before Aga to
208 ± 13 ms and 2.4 ± 0.1 mm/min after Aga, n = 10 and 8,
Figures 6C and 6D). The fact that bringing back to WT values
the CaV2.1-dependent glutamate release at pyramidal cell
synapses of KI mice completely eliminates facilitation of CSD
induction and propagation supports a causative link between
gain of function of glutamate release at synapses onto pyramidal
cells and facilitation of experimental CSD in FHM1 KI mice.
To test the hypothesis that FHM1 mutations may affect differ-
ently synaptic transmission at different cortical synapses and, as
a consequence, in certain conditions may alter the balance
between excitation and inhibition during cortical activity, we
investigated excitatory and inhibitory neurotransmission at
connected pairs of layer 2/3 pyramidal cells (PC) and multipolar
fast-spiking (FS) interneurons in acute cortical slices of the
somatosensory cortex of WT and KI juvenile mice, using paired
patch-clamp recordings (Figure 7A and Supplemental Data
available online). To study the excitatory PC-FS connection,
we applied suprathreshold stimuli to the presynaptic PC neuron
and measured the unitary EPSPs evoked in the postsynaptic FS
interneuron; to study the inhibitory FS-PC connection, we
applied suprathreshold stimuli to the presynaptic FS interneuron
and measured the unitary IPSPs in the postsynaptic PC cell. The
unitary PSPs were then averaged to obtain the mean PSPs
(Figure 7B). In agreement with previous studies at connected
pairs of layer 2/3 PC and FS neurons in rat cortical slices
(Rozov et al., 2001; Zaitsev et al., 2007), saturating concentra-
tions of Aga (400 nM) inhibited a large fraction of the EPSP at
the PC-FS connection and completely inhibited the IPSP at the
FS-PC connection in slices from WT mice (Figure S1).
The peak amplitude of the mean EPSP was on average two
times larger in KI than in WT PC-FS connections (2.2 ± 0.4 mV
in KI, n = 17, versus 1.1 ± 0.2 mV in WT, n = 16; Figure 7B). As
expected, if the increased mean EPSP amplitude in the FHM1
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Cortical Synaptic Transmission and CSD in FHM1Figure 5. Amplitude and Frequency ofmEPSCs inCortical Pyramidal Cells inMicroculture and in AcuteBrain Slices AreNot Altered inKIMice
(A) Representative recordings of mEPSCs at 80 mV from a WT and a KI pyramidal cell in microculture, and (left panel) cumulative distributions and average
values (in inset) of mEPSC amplitudes of WT (continuous line, n = 11) and KI (dashed line, n = 11) neurons (DIV 10–13); right panel shows the corresponding
average mEPSC frequencies. Amplitude analysis was made on the first 200 mEPSCs recorded from each cell. mEPSC kinetics are similar in WT and KI neurons
(rise time 10%–90%: 0.62 ± 0.03 ms and 0.67 ± 0.03 ms; tdecay: 3.3 ± 0.3 ms and 3.2 ± 0.2 ms in WT and KI, respectively). Scale bars: 50 ms, 20 pA.
(B) Representative recordings of mEPSCs at 65 mV from a WT and a KI layer 2/3 pyramidal cell in cortical slices, and (left panel) cumulative distributions and
average values of mEPSC amplitudes of WT (continuous line, n = 11) and KI cells (dashed line, n = 10) from P16–17 mice; right panel shows the corresponding
average mEPSC frequencies. Amplitude analysis was made on the first 300 mEPSCs recorded from each cell. mEPSC kinetics are similar in WT and KI cells (rise
time 10%–90%: 1.01 ± 0.07 ms and 0.95 ± 0.06 ms; tdecay: 4.6 ± 0.3 ms and 5.0 ± 0.4 ms in WT and KI, respectively). Scale bars: 50 ms, 10 pA.
Error bars: SEM.inverse correlation between the amplitudes of the first and
second unitary EPSP (Figure S2) (Thomson et al., 1993). STD
was larger in KI synapses (PPR = 0.42 ± 0.02, n = 17), lending
strong support to the conclusion that the probability of vesicle
release at the synaptic contacts between pyramidal cells and
FS interneurons is larger in KI than in WT mice. Given the larger
depression, the mean EPSP amplitudes elicited by the second
and the following APs in the train were not significantly different
between WT and KI mice.
In striking contrast with the gain of function measured at the
excitatory PC-FS connection, the peak amplitudes of the evoked
mean IPSPs at the inhibitory FS-PC connections were identical
in slices from KI and WT mice (2.4 ± 0.4 mV in both KI, n = 16,
and WT, n = 12; Figure 8A); also very similar were the CV
(0.27 ± 0.02 mV in KI versus 0.31 ± 0.03 mV in WT) and the
percent failures (0.9% ± 0.5% in KI versus 0.8% ± 0.5% in WT)
(Figure 8B). Moreover, STD of the IPSPs during trains of APs at
10 Hz was not significantly different in the two genotypes
(percent failures at the fifth AP: 10% ± 3% in KI, n = 16 versus
12% ± 4% in WT, n = 12, Figure 8C).
In summary, our analysis of cortical neurotransmission in
R192Q KI mice shows that FHM1 mutations may differently
affect synaptic transmission at different cortical synapses: in
particular, we have shown that the FHM1 mutation leads to
gain of function of excitatory neurotransmission at pyramidalmice was due to an increased probability of AP-evoked gluta-
mate release at the synaptic contacts, both the coefficient of
variation (CV) of the unitary EPSP amplitudes and the percentage
of failures (i.e., the percentage of the presynaptic APs that failed
to evoke an EPSP in the FS neuron) were lower in KI than in WT
mice: CV = 0.26 ± 0.03 mV, failures = 0.8% ± 0.4% in KI, n = 17
versus CV = 0.45 ± 0.04 mV, failures = 9% ± 2% in WT, n = 16
(Figure 7C). Assuming a binomial model of release, the compar-
ison of the relative values of themean EPSP amplitude and of the
inverse square of the CV in KI and WT mice confirmed the
presynaptic origin of the increased excitatory neurotransmission
at the PC-FS connection in KI mice and was consistent with an
increased probability of vesicle release (see Supplemental
Data) (Faber and Korn, 1991).
Consistent with and further supporting the conclusion that
the FHM1 mutation leads to an increased probability of vesicle
release at the individual synaptic contacts of the PC-FS connec-
tion are also the changes in short-term synaptic plasticity re-
vealed in KI mice (Figure 7D). In WT mice, these synapses
showed depression of the EPSPs during trains of APs at 10 Hz
(PPR = 0.62 ± 0.03, n = 16). In agreement with a presynaptic
mechanism of depression, percent failures increased during
the train from 9% ± 2% to 29% ± 5%; as expected if depression
is mainly due to vesicle depletion, analysis of single unitary
events evoked by the first two pulses in the train showed anNeuron 61, 762–773, March 12, 2009 ª2009 Elsevier Inc. 767
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Release to WT Values
(A) Left: EPSCs traces recorded from a KI cortical pyramidal cell in microculture before and after application of Aga 40 nM. Scale bars: 10ms, 1 nA. Right: average
EPSC amplitudes before and after Aga 40 nM (n = 4).
(B) Left: digitalized image showing the typical changes in light transmittance associated with a spreading CSD elicited by pressure-ejection of KCl in aWT cortical
slice, and the KCl application and patch-clamp recording sites (600 mm apart). Right: typical CSD depolarization of a layer 2/3 pyramidal cell recorded in current
clamp. Scale bar: 1 min.
(C) Average values of CSD threshold in WT (n = 22) and KI (n = 22) slices and before and after application of Aga 40 nM in KI slices (n = 10).
(D) Average values of CSD propagation velocity in WT (n = 17) and KI (n = 21) slice and before and after application of Aga 40 nM in KI slices (n = 8).
Error bars: SEM.768 Neuron 61, 762–773, March 12, 2009 ª2009 Elsevier Inc.aptic homeostatic compensatory mechanisms (Turrigiano and
Nelson, 2004) were observed at excitatory synapses onto pyra-
midal cells of FHM1 mice.
In apparent contrast with our findings, Cao et al. (2004)
reported a decreased contribution of mutant P/Q-type Ca2+
channels and an unaltered overall strength of evoked excitatory
neurotransmission between cultured hippocampal neurons from
cacna1a knockout mice expressing FHM1 mutant human
CaV2.1a1 subunits. As previously suggested, the different find-
ings can be explained by the decreased number of functional
mutant CaV2.1 channels in themembrane of transfected neurons
(Tottene et al., 2002, 2005) in contrast with the unaltered number
of functional CaV2.1 channels in neurons of FHM1 KI mice
(Figure 1C) (Pietrobon, 2007; van denMaagdenberg et al., 2004).
The facilitation of induction and propagation of experimental
(K+-induced) CSD in acute slices of somatosensory cortex of
R192Q KI mice was completely eliminated (both CSD threshold
and velocity became similar to those in WT slices) when gluta-
mate release at pyramidal cell synapses was brought back to
WT values using subsaturating concentrations of the specific
P/Q channel blocker, Aga. This finding provides direct evidence
that the gain-of-function of glutamate release at synapses onto
pyramidal cells may explain the facilitation of experimental CSD
in FHM1 mutant mice, and thus provides novel insights into the
controversial mechanisms of CSD initiation and propagation.
The interventions that can produce experimental CSD in
normally metabolizing cortical tissue (such as electrical stimula-
tion or high K+) induce an anomalous increase in the extracellular
concentration of K+ ions and a sustained neuronal depolarization
accompanied by an increase in neuronal firing. With sufficiently
intense stimuli, CSD ignition occurs when the regulatory mecha-
nisms that normally keep the extracellular [K+]o within the
physiological range are overwhelmed by the buildup of [K+]ocell synapses, but does not affect inhibitory neurotransmission
at FS interneuron synapses.
DISCUSSION
We studied cortical neurotransmission in KI mice carrying
a human FHM1 (R192Q) mutation. These mice show increased
P/Q-typeCa2+ current density in cerebellar granule cells (van den
Maagdenberg et al., 2004) and cortical pyramidal cells (Figure 1)
consequent to activation of mutant CaV2.1 channels at lower
voltages; they also show facilitation of induction and propagation
of CSD, elicited either by electrical stimulation in vivo (van den
Maagdenberg et al., 2004) or high KCl in vitro (Figure 6).
The analysis of cortical excitatory neurotransmission both in
culture and in the context of functional neuronal circuits in brain
slices shows that the R192Q FHM1 mutation (and presumably
all the gain-of-function FHM1 mutations) leads to increased
AP-evoked Ca2+ influx and glutamate release at cortical pyra-
midal cell synapses. In fact, in single cortical pyramidal cells
forming autapses, both the strength of synaptic transmission
and the contribution of P/Q-type Ca2+ channels to synaptic
transmission were enhanced in KI mice; the dependence of the
EPSC on the external concentration of Ca2+ ions was shifted to
lower values and the STD of the EPSCs during a train of APs
was increased. The strength of excitatory neurotransmission
and STD were also increased at unitary connections between
layer 2/3 pyramidal cells and FS interneurons in acute KI cortical
slices. Our data indicate that a relatively small shift to lower volt-
ages of activation of mutant CaV2.1 channels leads to a signifi-
cant increase in AP-evoked Ca2+ influx at the active zones of
pyramidal cells (assuming a similar voltage shift for presynaptic
and somatic channels). Despite the gain of function of cortical
excitatory neurotransmission, neither postsynaptic nor presyn-
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Cortical Synaptic Transmission and CSD in FHM1Figure 7. Increased EPSP Amplitude and
Short-Term Depression at Single Excitatory
Connections between Pyramidal Cells and
Fast-Spiking Interneurons in Acute Cortical
Slices of R192Q KI Mice
(A) Representative morphology (after biocytin
staining) and firing pattern upon sustained current
injection of a layer 2/3 pyramidal cell (PC, top) and
fast-spiking (FS) interneuron (bottom) in slices of
mice barrel cortex. Scale bars: 150 ms, 20 mV.
(B) Left: representative unitary EPSPs recorded
from a layer 2/3 FS cell upon suprathreshold stim-
ulation of a connected PC in seven successive
trials in a WT and a KI slice, with on top the corre-
sponding mean EPSPs (averaged over 63 trials in
WT and 90 trials in KI). The asterisk indicates
a failure in the connection, which is included for
exemplification, even if their frequency was less
than one in ten trials. Scale bars: 10 ms, 0.5 mV.
Right: average values of mean EPSP amplitudes
in 16 WT and 17 KI PC-FS connections.
(C) Average values of percent failures and CV of
the unitary EPSPs (n = 16 WT; n = 17 KI).
(D) Left: average values of mean EPSP amplitudes
evoked in FS cells in response to a train of five APs
at 10 Hz elicited in a connected PC (n = 16 WT;
n = 17 KI). Inset: representative mean EPSP
responses evoked in aWT (averaged over 63 trials)
and a KI (averaged over 59 trials) FS cell by the
train of presynaptic APs. Scale bar: 50 ms,
0.2 mV. Right: Average values of the paired pulse
ratio between the second and the first EPSP in
the train (n = 16 WT; n = 17 KI).
Error bars: SEM.and Andrew, 2002; Footitt and Newberry, 1998; Marrannes
et al., 1988; Vilagi et al., 2001), and clear evidence that CSD
initiates and propagates at the level of the dendrites of pyramidal
cells (Kunkler et al., 2005; Somjen, 2001; Vilagi et al., 2001;
Wadman et al., 1992) and involves an increased conductance
in specific dendritic subregions (Canals et al., 2005). Another
controversial issue is the mechanism of CSD propagation
(Grafstein, 1956; Herreras, 2005; Somjen, 2001).
Our findings are consistent with and support a model of CSD
initiation in which activation of presynaptic voltage-gated Ca2+via a positive feedback cycle that makes self-regenerating the
initially gradual neuronal depolarization; this positive feedback
cycle initiates when a sufficient number of V-dependent and/or
[K+]o-dependent cationic channels are activated to generate
a net inward current, with consequent further depolarization
and further increase of the local [K+]o, leading to further activa-
tion of the cationic channels (Kager et al., 2002; Somjen, 2001).
The nature of these cationic channels remains unclear and
controversial (Somjen, 2001), although there is strong pharma-
cological support for a key role of NMDA receptors (AndersonFigure 8. Unaltered IPSP Amplitude and
Short-Term Depression at Single Inhibitory
Connections between Fast-Spiking Inter-
neurons and Pyramidal Cells in Acute
Cortical Slices of R192Q KI Mice
(A) Left: representative unitary IPSPs recorded
from a layer 2/3 PC upon suprathreshold stimula-
tion of a connected FS cell in 8 successive trials
in a WT and a KI slice, with on top the correspond-
ing mean IPSPs (averaged over 59 trials in WT and
82 trials in KI). Scale bars: 20 ms, 1 mV. Right:
Average values of mean IPSP amplitudes in
12 WT and 16 KI FS-PC connections.
(B) Average values of percent failures and CV of the unitary IPSPs (n = 12 WT; n = 16 KI).
(C) Average values of mean IPSP amplitudes evoked in PCs in response to a train of five APs at 10 Hz elicited in a connected FS cell (n = 12 WT; n = 16 KI). Inset:
representative mean IPSP responses evoked in a WT (averaged over 53 trials) and a KI (averaged over 59 trials) PC by the train of presynaptic APs. Scale bar:
50 ms, 0.5 mV.
Error bars: SEM.Neuron 61, 762–773, March 12, 2009 ª2009 Elsevier Inc. 769
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glutamate from recurrent cortical pyramidal cell synapses and
activation of NMDA receptors are key components of the
positive feedback cycle that ignites CSD (Pietrobon, 2005b).
Notably, the abnormal elevation of [K+]o necessary to initiate
CSD has several additional effects, besides depolarization, all
favoring the opening of NMDA channels, such as shifting to
higher voltages the reversal potential of both K+ and Cl ions
with consequent prolongation of postsynaptic APs, reduction
of afterhyperpolarization and reduction of IPSPs amplitude
(McCarren and Alger, 1985; Poolos and Kocsis, 1990; Traynelis
and Dingledine, 1988), with the possibility that GABAergic
synapses may actually become depolarizing (Marty and Llano,
2005). Regarding CSD propagation, our data are consistent
with a model based on interstitial K+ diffusion initiating in adja-
cent dendrites the positive feedback cycle that ignites CSD
(Grafstein, 1956), rather than with the hypothesis that CSD prop-
agates through gap junctions (Herreras, 2005; Somjen, 2001).
Both the lower threshold and the increased velocity of experi-
mental CSD in FHM1 KI mice can be explained by the proposed
model, which predicts that an electrical stimulation of the cortex
of lower intensity and/or a lower increase of [K+]o are necessary
to open a sufficient number of P/Q Ca2+ channels and release
enough glutamate and open enough NMDA receptor channels
to initiate the positive feedback cycle that ignites CSD and prop-
agates it to adjacent tissue. Moreover, the enhanced release of
glutamate would amplify the positive feedback; gain of function
of postsynaptic P/Q channels might also reinforce the positive
loop at least in the first phase. Consistent with the proposed
model is also the evidence that spontaneous CaV2.1 mouse
mutants with loss-of-function mutations in the CaV2.1 channel
show an increased threshold for initiation and a decreased
velocity of propagation of experimental CSD (Ayata et al., 2000).
In migraineurs, CSD is not induced by experimental depolariz-
ing stimuli but arises ‘‘spontaneously’’ in response to specific,
mostly unknown triggers; stress and intense, long-lasting
sensory stimulation are among the known migraine triggers
(Pietrobon and Striessnig, 2003). One must therefore admit
that these triggers are able to create in the cortex of migraineurs
the conditions for initiation of the positive feedback cycle that
overwhelms the regulatory mechanisms controlling cortical
[K+]o and ignites CSD. Interestingly, migraineurs are hypersensi-
tive to any kind of sensory overload and there is strong evidence
for altered cortical excitability and abnormal processing of
sensory information in their brain in the period between migraine
attacks (Aurora and Wilkinson, 2007; Coppola et al., 2007;
Pietrobon and Striessnig, 2003; Welch, 2005).
The dynamic keeping of the balance between excitation and
inhibition during cortical activity is essential for preventing over-
excitation and for the correct processing of sensory information
(Monier et al., 2003; Shu et al., 2003). Although the mechanisms
by which cortical circuits vary the strength of inhibition during
ongoing changes in excitation are not well understood, recurrent
inhibitory circuits appear well suited to provide dynamic regula-
tion of the excitation-inhibition balance (Galarreta and Hestrin,
1998; Kapfer et al., 2007; Reyes et al., 1998; Silberberg and
Markram, 2007). We have shown that, in contrast with the gain of
function of excitatory neurotransmission, inhibitory neurotrans-770 Neuron 61, 762–773, March 12, 2009 ª2009 Elsevier Inc.mission at FS interneuron synapses is unaltered in FHM1 KI
mice. This finding demonstrates that FHM1mutationsmaydiffer-
ently affect synaptic transmission and short-term plasticity at
different cortical synapses, and, as a consequence, very likely
alter the neuronal circuits that coordinate and dynamically adjust
the balance between excitation and inhibition during cortical
activity. Functional alterations in these circuits may underlie the
abnormal processing of sensory information ofmigraineurs in the
interictal period; we hypothesize that these alterations may also
render the cortex vulnerable to ignition of CSD in response to
migraine triggers such as intense, repetitive sensory stimulation.
Considering the specific polysynaptic inhibitory subcircuit
involving FS interneurons and pyramidal cells that we have
investigated in the FHM1 mice, the gain of function of glutamate
release at the recurrent synapses between pyramidal cells would
certainly increase network excitation; in contrast, the gain of
function of glutamate release at the PC-FS synapses would
lead to enhanced recruitment of interneurons and enhanced
inhibition. However, during high-frequency repetitive activity
the enhanced recruitment of FS interneurons is expected to
cease rapidly because the PC-FS synapses depress strongly
during AP trains (Figure 7; much more than the recurrent
PC-PC synapses: Kapfer et al., 2007), and STD is even stronger
in FHM1 KI mice; already at the second AP in a 10 Hz train the
EPSP amplitude becomes similar to that in WT mice (from being
almost two times larger in response to the first AP). This analysis,
even though restricted to a specific subcircuit, makes the
important point that the differential effect of FHM1 mutations
on excitatory and inhibitory neurotransmission may produce
overexcitation in certain brain conditions, but may leave the
excitation-inhibition balance within physiological limits in others,
thus explaining the episodic nature of the disease. In the brain
conditions (cf. migraine triggers) in which strong overexcitation
prevails, the consequent neuronal hyperactivity might initiate
the positive feedback cycle that overwhelms the [K+]o regulation
and ignites CSD.
In general, several mechanismsmay contribute to a differential
effect of FHM1mutations at different synapses; these include (1)
different effects on AP-evoked Ca2+ influx because of a different
duration of the AP or a different fraction of P/Q channels (or
a different P/Q isoform) at the release sites, (2) different effects
of the same increase of Ca2+ influx on the probability of release,
and (3) different mechanisms of short-term synaptic plasticity
(among which there may be a differential contribution of Ca2+-
dependent regulation of presynaptic P/Q Ca2+ channels, see
Mochidaet al., 2008). The lowCVandpercentageof failures close
to zero of the inhibitory FS-PC connection in WT mice (both
failures and CV being similar to those of the excitatory PC-FS
connection in KI mice) indicate a high probability of AP-evoked
GABA release, and suggest saturation of the presynaptic Ca2+
sensor as a plausible explanation for the unaltered neurotrans-
mission in FHM1 mice despite the dominant role of P/Q Ca2+
channels at this synapse. However, we cannot exclude that
a reduced gain of function of AP-evoked Ca2+ influx due to the
shorter APof FS interneurons and/or to a different CaV2.1 isoform
(less affected by the mutation) may contribute.
An interesting open question is why overexcitation and
neuronal hyperactivity in migraine produce a CSD and not an
Neuron
Cortical Synaptic Transmission and CSD in FHM1epileptic discharge. Indeed, local neuronal hyperactivity pro-
gressively recruiting a synchronous discharge via recurrent
excitatory collaterals and [K+]o accumulation has been proposed
to initiate epileptic discharge in slice models (Jensen and Yaari,
1997; Pinto et al., 2005; Traynelis and Dingledine, 1988). A plau-
sible hypothesis is that the initiation mechanisms of CSD and
seizure are similar but the evolution is different depending on
whether the neuronal hyperactivity and consequent increase in
[K+]o exceed a critical level that makes self-regenerating the
depolarization; in this hypothesis, CSD represents ‘‘a poorly
controlled seizure’’ in which [K+]o regulation is completely dis-
rupted (Haglund and Schwartzkroin, 1990). The involvement of
similar mechanisms in initiation of CSD and seizures is consis-
tent with (1) the established comorbidity between migraine and
epilepsy, (2) the effectiveness of some antiepileptic drugs in
migraine prophylaxis, (3) the fact that migraine and epilepsy
have various trigger factors in common, and (4) the fact that
mutations in all three known FHM genes can cause seizures
(Haan et al., 2008; Welch, 2005; Pietrobon, 2007).
EXPERIMENTAL PROCEDURES
Experiments were performed using WT C57Bl6J mice and homozygous
KI mice carrying the CaV2.1 R192Q FHM1 mutation with the same genetic
background (van den Maagdenberg et al., 2004). All experimental procedures
were carried out in accordance with the Italian Animal Welfare Act and
approved by the local authority veterinary service.
Patch-clamp recordingsweremade at room temperature following standard
techniques. Electrical signals were recorded through an Axopatch-200B or
Multiclamp 700B patch-clamp amplifier and digitized using a Digidata 1440A
or Digidata 1322A interface and pClamp software (Axon Instruments). The
liquid junction potential (LJP) values reported below should be added to all
voltages to obtain the correct membrane potentials (Neher, 1992).
Data are given as mean ± SEM; stars indicate a statistically significant
difference from control assessed by the Student’s t test (*p < 0.05,
**p < 0.01, ***p < 0.001).
Ca2+ Current in Acutely Dissociated Cortical Pyramidal Neurons
Cortical pyramidal neurons were acutely dissociated from postnatal day (P)
13–15 mice as described in Supplemental Data. Whole-cell patch-clamp
recordings of the different Ca2+ current components were performed as in
Fletcher et al. (2001) on neurons up to 1 hr after dissociation. The pipette
solution contained (in mM) 100 CsCH3SO3, 5 MgCl2, 30 HEPES, 10 EGTA,
4 ATP, 0.5 GTP, 1 cAMP, pH 7.4 with CsOH. The extracellular solution con-
tained (in mM) 5 BaCl2, 148 TEA-Cl, 10 HEPES, 0.1 mg/ml cytochrome C,
pH 7.4 with TEA-OH. Currents were recorded at 10 mV for KI neurons and
at 0 mV for WT neurons from a holding potential of 70 mV. Compensation
(typically 70%) for series resistance (Rs) was used. LJP: 12 mV.
Neurotransmission in Cortical Pyramidal Cells in Microculture
Cortical neurons from P0–2 mice were cultured on glial microislands as
described in Supplemental Data. Microislands containing one or more glial
cells and a single neuron with extensive processes were selected for whole-
cell patch-clamp recording (sampling 5 kHz; filter 1 kHz). The pipette solution
contained (in mM) 110 K-methanesulfonate, 5 MgCl2, 30 HEPES, 3 EGTA,
4 ATP, 0.5 GTP, and 1 cAMP (pH 7.4 with KOH). The extracellular solution con-
tained (in mM) 145 NaCl, 5.6 KCl, 10 HEPES, 10 glucose, 1 MgCl2, 2 CaCl2,
0.05 D-AP5 (pH 7.4 with NaOH). Cytochrome C (0.1 mg/ml) was added to
the solutions with peptide toxins: u-AgaIVA, SNX-482 (both from Peptide
Institute Inc.), u-CgTxGVIA, u-CTxMVIIC (both from Bachem). Pipette resis-
tance: 1.8–2.5 MU. In voltage-clamp mode, APs in the unclamped processes
were induced by a 2 ms voltage pulse to +20 mV every 10 s from a holding
potential of 80 mV. The currents recorded in the presence of 5 mM NBQXwere subtracted to all records to obtain the AMPA-mediated EPSCs
(displayed in the figures after blanking 1–3 ms around each stimulus artifact
for clarity). After EPSC stabilization (typically 3 min after break-in), five to ten
sweeps were averaged to obtain the EPSC amplitude. To measure short-
term synaptic plasticity, the EPSCs elicited by two 50 Hz stimulus trains at
a 20 s interval were averaged. EPSCs were recorded with good voltage-clamp
control since EPSCs kinetics and PPR were unchanged when the size of the
EPSCs was reduced using subsaturating concentrations of NBQX (50 nM;
Tocris). Rs compensation (70%–80%) was used. LJP: 8 mV.
mEPSCs were acquired at 80 mV for at least 2 min (sampling 10 kHz; filter
2 kHz), and analyzed using Clampfit 10.0 (Axon Instruments); this software
detects events on the basis of closeness of fit to a sliding template created
(for each cell) by averaging 15–20 of its most unambiguous mEPSCs selected
by eye. Each event was further visually inspected to exclude artifacts. Overlap-
ping events were excluded from amplitude analysis.
Neurotransmission in Cortical Slices
Acute thalamocortical slices of the barrel cortex were made from P11–15 mice
as described in Supplemental Data. The cells recorded were deeper than
40 mm from the surface with dendritic arborizations almost parallel to the plane
of the cut. Neurons were identified based on their morphology (confirmed by
postfixation inspection of the biocytin-labeled neurons) and on their firing
pattern in response to current injection (Reyes et al., 1998) (Supplemental
Data).
For paired patch-clamp recordings on PC and FS cells (sampling 20 kHz;
filter 4 kHz), the pipette solutions contained (in mM) 105 K-gluconate,
30 KCl, 4 MgATP, 0.3 GTP, 10 phosphocreatine, 10 HEPES, and 1 mg/ml bio-
cytin (pH 7.3 with KOH). The standard extracellular solution sACSF contained
(in mM) 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2,
25 glucose saturated with 95% O2 and 5% CO2. Pipette resistance: 4–6 MU.
The two cells were patched in sequence, first the interneuron. Only cells with
resting potential <70 mV were considered (average values: 77 ± 1 mV in
PC, and 73 ± 1 mV in FS cells). APs in the presynaptic cell were evoked by
suprathreshold depolarizing current-injection pulses (7.5 ms duration). Once
a connected pair was found, the synaptic response to a train of 5 APs at
10 Hz was recorded in the postsynaptic cell for 45–127 consecutive trials at
10 s intervals. LJP: 8 mV.
Data analysis was performed using Igor Pro. Themean peak EPSP and IPSP
amplitudes and PPR for each experiment were calculated after averaging over
all the sweeps recorded. The first peak amplitude was averaged over a 1 ms
window (20 points) around the peak. For each consecutive response, the
previous PSP was fitted with a double-exponential decay and subtracted
from the trace. For quantification of the percentage of failures, each trace
was visually inspected. The CV was calculated for each experiment from the
scatter of the single synaptic responses (see Supplemental Data).
mEPSCs recordings (sampling 10 kHz; filter 2 kHz) were performed on acute
coronal slices of the barrel cortex from P16–17 mice; the pipette solution
contained (in mM) 6 KCl, 114 K-gluconate, 10 HEPES, 10 phosphocreatine,
4 MgATP, 0.3 NaGTP (pH 7.25 with KOH, osmolarity 300 mOsm with sucrose)
and slices were superfused with a modified ACSF (mACSF, with 1 mM CaCl2,
0.5 mMMgCl2, and 3.5 mM KCl) containing (in mM) TTX 0.2, D-AP5 50, and bi-
cuculline 20 (Tocris). mEPSCs on pyramidal cells of layer 2/3 of the barrel
cortex, voltage clamped at 65 mV with no Rs compensation (Rs was below
20 MU with less than 20% variation), were recorded for at least 2 min and
analyzed using Clampfit 10.0. LJP: 12 mV.
Cortical Spreading Depression
Acute coronal slices of the barrel cortex from P16–17 mice were perfused with
mACSF at a flowing rate of 3 ml/min, and pressure-ejection pulses of 3 M KCl
(0.5 bar) of increasing duration (at 8 min intervals in 20 ms steps) were applied
through a glassmicropipette (R = 0.19–0.25MU) onto the slice surface on layer
2/3, using a PDES-02DX pneumatic drug ejection system (Npi Electronic), until
a CSDwas elicited. CSDwas detected bymonitoring the associated change in
intrinsic optical signal (IOS) and/or recording in current-clamp the membrane
potential of a pyramidal cell at 600 mm from the pressure-ejection pipette tip.
The duration of the first pulse eliciting a CSD was taken as CSD threshold
and the rate of horizontal spread of the change in IOS as CSD velocity. InNeuron 61, 762–773, March 12, 2009 ª2009 Elsevier Inc. 771
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CSD episodes were induced at a 30 min interval on the same slice (data not
shown). To test the effect of u-AgaIVA, CSD threshold and velocity were
measured in control and after 30 min of perfusion with mACSF plus 40 nM
u-AgaIVA. IOS was recorded using a 12 bit monochrome digital camera
(DFC 350FX, Leica) connected with a TCS SP5 confocal microscope (Leica;
103 magnification). Images were recorded at 579 ms intervals and 4.2 ms
exposure time (1392 3 1040 pixel; optical resolution 3.23 mm2/pixel). MBF
ImageJ software was used for the off line analysis of the digitalized images.
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures,
Supplemental Results, and two figures and can be found with this article online
at http://www.neuron.org/supplemental/S0896-6273(09)00094-4.
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